The X protein of Borna disease virus (BDV) is an essential factor that regulates viral polymerase activity and inhibits apoptosis of persistently infected cells. We observed that a BDV mutant which carries an additional X gene replicated well in cell culture only after acquiring second-site mutations that selectively reduced expression of the endogenous X gene. In rat brains, the virus acquired additional mutations which inactivated the ectopic X gene or altered the sequence of X. These results demonstrate that BDV readily acquires mutations if strong selection pressure is applied. They further indicate that fine-tuning of X expression determines viral fitness.
The X protein of Borna disease virus (BDV) is an essential viral component that serves multiple functions (Poenisch et al., 2007) . X accumulates in the nucleus of infected cells, where it regulates the activity of the viral polymerase complex through interactions with the viral P protein (Poenisch et al., 2004; Schwardt et al., 2005; Wolff et al., 2000) . A fraction of X associates with mitochondria and suppresses virus-induced apoptosis of infected cells (Poenisch et al., 2009) . The X protein is mainly synthesized from a 0.8 kb mRNA that contains three overlapping open reading frames. A first very short open reading frame presumably codes for no functional polypeptide, but rather fulfils regulatory functions (Poenisch et al., 2008b) . The second open reading frame codes for the X protein, while the third open reading frame codes for the viral polymerase cofactor P. The nucleoprotein N is encoded by an upstream 1.2 kb mRNA. By ignoring the T1 termination signal on the viral genome, the viral polymerase can further synthesize a read-through transcript of about 1.9 kb that mainly codes for N. At low efficacy, this 1.9 kb mRNA can also be used for the synthesis of P and possibly X (Poenisch et al., 2008b) . Since the relative levels of N, X and P proteins strongly affect the activity of the viral polymerase complex (Poenisch et al., 2007) , proper regulation of the synthesis of these viral factors seems to determine viral performance.
To evaluate how the virus might respond if forced to cope with non-optimal levels of X protein, we generated a BDV variant which has an additional X gene inserted near the 59 end of the genome (Fig. 1a) . From previous work we know that foreign genes can be expressed from this genome position if flanked by S3 transcription start and T4 transcription termination signals (Poenisch et al., 2007; Schneider et al., 2007) . Two independent experiments aimed at rescuing the corresponding virus (designated BDV-X59) were performed using previously described technology (Martin et al., 2006; Poenisch et al., 2008a) . Both rescue attempts yielded replication-competent virus which, however, spread substantially slower through Vero cell cultures than wild-type virus (data not shown).
Sequence analysis showed that several second-site mutations had occurred during each rescue experiment. In the virus resulting from the first rescue (BDV-X59 # 1), three Tto-C mutations were detected. The mutations at positions 1187 and 1222 lie close to a regulatory element (Poenisch et al., 2008b) located near the 59 end of the 0.8 kb mRNA (Fig. 1a) . The third T-to-C mutation at position 1229 in BDV-X59 # 1 mapped to the coding region of the X gene, but did not alter the amino acid sequence of the X protein.
In the virus resulting from the second rescue (BDV-X59 # 2), four T-to-C mutations were observed which, however, were present in only about 50 % of the viruses in the population (Fig. 1a) . Cloning and sequencing of RT-PCR products derived from BDV-X59 # 2 revealed that all four mutations were linked, indicating the presence of an approximately 1 : 1 mixture of viruses either carrying or lacking all four mutations. We failed to separate these viruses by limiting dilution experiments (data not shown), indicating that the two viruses are complementing each other. The T1258C and T1261C mutations in BDV-X59#2 were non-silent and resulted in L to S and V to A changes of residues 12 and 13 of X, respectively. These two amino acids map to a domain of X which mediates interaction with the viral P protein (Poenisch et al., 2004; Schwardt et al., 2005; Wolff et al., 2000) . Interaction studies by mammalian two-hybrid assays demonstrated that mutated X carrying these two amino acid changes (X # 2) can no longer interact with P ( Supplementary Fig. S1 , available in JGV Online). The T1274C mutation of BDV-X59 # 2 did not alter the amino acid sequence of X, but affected the initiation codon of the P open reading frame (changing ATG to ACG), which is expected to strongly reduce the frequency of P protein synthesis. Interestingly, the ectopic X gene cassettes of BDV-X59 # 1 and BDV-X59 # 2 were both free of mutations, suggesting that changes which affect expression of endogenous X gene can counterbalance the intrinsically enhanced levels of X in BDV-X59-infected cells.
In Vero cells persistently infected with BDV-X59#1, the levels of X and P proteins were substantially lower than those in control cells infected with wild-type virus (Fig.  1b) . In cells infected with BDV-X59 # 2, the level of P protein was almost normal, whereas the level of X was enhanced, as expected if the endogenous and the ectopic copies of the X gene were both expressed. Since a fraction of X is inactivated by mutation, it is likely that the levels of fully functional X protein were not substantially different in cells infected with BDV-X59 # 2 or wild-type BDV.
Viral gene expression was greatly altered in cells infected with BDV-X59#1 (Fig. 1c) . A Northern blot probe that detects transcripts of the viral N, X and P genes identified an abundant 1.9 kb transcript in cells infected with BDV-X5#1, which accumulated at the expense of the regular 1.2 kb and 0.8 kb transcripts. A similar transcription pattern was previously observed in cells infected with BDV mutants carrying distinct alterations in this region of the genome (Poenisch et al., 2008b) , indicating that the second-site mutations of BDV-X59 # 1 might have a negative effect on the efficient use of the T1 transcriptional termination signal. No such compensatory mutations were previously observed in a Vero cell-grown BDV variant expressing the green fluorescent protein (Poenisch et al., 2007; Schneider et al., 2007) , indicating that overexpression of X generates a nonfavourable condition which the virus tries to evade.
We next determined if the observed second-site mutations enabled BDV-X59 to replicate in rat brains. Four weeks after intracerebral injection of 2000 focus-forming units of either BDV-X59 # 1 or BDV-X59 # 2 into newborn Lewis rats, we killed the animals and analysed the replicating virus in the brain. BDV-X59 # 1 maintained all three mutations previously gained in Vero cells and acquired at least two new mutations (Fig. 2a) . The first newly acquired A-to-G mutation at position 1467 resulted in a K-to-E change of residue 82 in the endogenous X protein. Since this mutation is located outside of any known functional domains of X (Wolff et al., 2000) , we analysed the polymerase inhibitory activity of the X K82E mutant in a viral minireplicon assay. As shown in Supplementary Fig.  S2 , available in JGV online, the mutant X protein exhibited transcription initiation sites (S1-S3) and transcription termination sites (T1-T4). For ectopic expression of X, an additional X gene was inserted at a site near the 59 end of the viral genome. BDV-X59 mutant viruses # 1 and # 2 were rescued in independent experiments. Sequencing of appropriate PCR fragments revealed the indicated second-site T-to-C mutations upstream of and in the endogenous X gene. Note that the four sequence alterations of mutant # 2 were only detected in about 50 % of the viruses in the population. The T1258C and T1261C mutations result in L to S and V to A changes at positions 12 and 13 of the endogenous X protein, respectively. The T1274C mutation does not alter the amino acid sequence of X, but disables the initiation codon of the P open reading frame. (b) Western blot analysis of protein samples derived from Vero cells persistently infected with either wild-type BDV (WT), BDV-X59#1 or BDV-X59#2. Viral proteins were visualized using rabbit antisera directed against BDV-N, -P or -X, and signal intensities were quantified using a gel documentation system from Bio-Rad. Band intensities in the WT sample were set to a reference value of 1. Ratios between N and P (N/P) and between X and P (X/P) were calculated from these normalized values. (c) Northern blot analysis of RNA samples from Vero cells persistently infected with the indicated viruses. Viral RNAs were visualized using a radiolabelled DNA probe corresponding to nucleotides 1-1876 of the BDV antigenome. The estimated sizes of major viral transcripts are indicated. Ethidium bromide staining of the 18S RNA was used as loading control. unaltered activity in this assay. The other mutations acquired by BDV-X59#1 during growth in the rat brain mapped to the immediate vicinity of the internal T4 transcription termination signal which precedes the artificial S3 signal in the recombinant virus (Fig. 2a) . At this site, one adenosine residue was inserted in most viruses from the infected rat brain, and additional mutations seemed to have occurred at this position in other viruses of the population. Northern blot analysis of RNA derived from rat brain containing the mutant virus indicated that these mutations can influence the frequency by which the artificial termination and reinitiation signals are used. A hybridization probe derived from the X gene detected abundant viral transcripts of 1.9 and 0.8 kb in rat brains infected with wildtype BDV (Fig. 2b) . In the BDV-X59 # 1-infected rat brain, the level of the 0.8 kb transcript was reduced, whereas the level of the 1.9 kb transcript was enhanced. The 0.3 kb transcript resulting from expression of the ectopic X gene cassette in BDV-X59 # 1 was barely detectable (asterisk in Fig. 2b ). Instead, a novel 6.0 kb transcript was observed (arrow in Fig. 2b) , which seems to represent a read-through product that contains the open reading frames of L and ectopic X. This transcript presumably results from polymerase initiation at the endogenous S3 site and termination at the T4 site near the 39 end of the genome. Since the newly introduced T4 site between the L and the ectopic X genes is mutated, termination and reinitiation at this genomic site is most likely no longer effective in BDV-X59 # 1 and readthrough transcripts start to accumulate. In agreement with our data interpretation, the viral 6.0 kb transcript was not observed in the wild-type virus-infected rat brain (Fig. 2b) . Additional viral transcripts of slightly smaller sizes also seemed to be present more abundantly in the rat brain infected with BDV-X59 # 1 compared with rat brain containing parental virus. The origin of these additional transcripts remains unknown. Interestingly, the K 82 E mutation in the endogenous X gene as well as the nucleotide insertions and replacements near the internal T4 signal were also present at variable frequencies in three additional rats that were infected with BDV-X59 # 1 (data not shown), indicating that these alterations are the decisive changes which enable the cell culture-adapted virus to grow in the rat brain.
During growth in rat brain the viral subpopulation in BDV-X59 # 2 that carries four mutations in the X and P genes was lost, while the previously mutation-free virus in Fig. 2 . Second-site mutations in BDV-X59 # 1 after passage in newborn rat brain. (a) Sequence analysis. Rat-passaged BDV-X59#1 still contained the three silent mutations between the N and X genes (asterisks). It further contained an A-to-G mutation at position 1467 that results in a K-to-E replacement at position 82 of the endogenous X protein (arrow). In addition, ratpassaged BDV-X59 # 1 contained at least one adenosine insertion and probably additional mutations (arrow head) immediately after the T4 signal that precedes the artificial S3 start signal which drives the ectopic X gene expression cassette. (b) Northern blot analysis of RNA samples from rat brains infected with wild-type BDV (WT) or rat-passaged BDV-X59#1 (#1rat). A radiolabelled DNA probe from the X gene was used. Estimated sizes of the major viral transcripts are indicated. The expected signal of the 0.3 kb transcript from the ectopic X gene of BDV-X59 # 1 was faint (asterisk). The arrow marks a novel 6.0 kb transcript of rat-passaged BDV-X59#1 which presumably results from transcriptional read-through at the internal T4 signal.
the mixture grew up. The latter virus acquired several new mutations which mapped to the immediate vicinity of the internal T4 termination signal located upstream of the ectopic X gene (arrows in Fig. 3a) . Bulk sequencing indicated that these A-to-G transitions were only present in about 20-40% of the viral genomes. Seemingly identical mutations were observed with variable frequencies in viruses present in the brains of three other rats infected with cell culture-adapted BDV-X59#2 (data not shown). To determine the consequences of these mutations, RNA from the brain of one of these rats was subjected to Northern blot analysis using a hybridization probe derived from the X gene. This probe detected abundant viral transcripts of 1.9 and 0.8 kb length in rat brains infected with either wild-type or mutant virus, but failed to detect the expected 0.3 kb transcript of the ectopic X gene expression cassette (Fig. 3b, asterisk) . Instead, as described in Fig. 2(b) for BDV-X59 # 1, a distinct 6.0 kb transcript appeared in the BDV-X59#2-infected brain (arrow in Fig. 3b ), which presumably results from read-through transcription at the internal T4 site as discussed above.
At present, we do not understand why different second-site mutations were accumulating in Vero cells and brain of newborn rats. From previous work we know that the region upstream of the endogenous X open reading frame contains a poorly defined regulatory element that controls transcription of the X gene as well as translation of the resulting mRNA (Martin et al., 2006; Poenisch et al., 2008a, b) . Mutations in this regulatory region might be tolerated better by Vero cells than by cells of the rat brain.
Interestingly, BDV also used non-uniform means to counteract forced overexpression of X in the brain of newborn rats. In the case of BDV-X59 # 2, several mutations were acquired that all seemed to target the signal sequences that control the expression of the ectopic X gene. If the internal T4 termination signal is disabled by mutation, the viral polymerase can no longer reinitiate transcription at the adjacent artificial S3 site and thus can no longer read the ectopic X gene. In rat-passaged BDV-X59 # 2 this critical termination signal was indeed defective, as evidenced from the fact that a novel 6.0 kb transcript was observed in the mutant virus-infected rat brain which presumably represents a L-X read-through product. In the case of BDV-X59 # 1, the same regulatory element also acquired mutations which, however, were different in nature from those found in BDV-X59#2. Although the U(A) 6-7 core sequence of the T4 signal remained intact in rat-passaged BDV-X59 # 1, the 6.0 kb read-through transcript was still Fig. 3 . Second-site mutations in BDV-X59 # 2 after passage in newborn rat brain. (a) Sequence analysis. The rat-passaged virus was no longer contaminated with a minor population carrying mutations in the X and P genes, but it contained at least four A-to-G mutations upstream of and in the T4 signal which precedes the artificial S3 start signal that drives the ectopic X gene expression cassette (arrows). (b) Northern blot analysis of RNA samples from rat brains infected with wild-type BDV (WT) or rat-passaged BDV-X59 # 2 ( # 2rat). A radiolabelled DNA probe from the X gene was used. Estimated sizes of the major viral transcripts are indicated. The expected signal of the 0.3 kb transcript from the ectopic X gene of BDV-X59#2 was absent (asterisk). The arrow marks a novel 6.0 kb transcript of rat-passaged BDV-X59 # 2 which presumably results from transcriptional read-through at the internal T4 signal.
accumulating, suggesting that the signal was no longer working properly. Interestingly, BDV-X59 # 1 further acquired a mutation during growth in rat brain that replaced lysine at position 82 of the X protein by glutamic acid. At present we do not know which activity of X is disabled by the K 82 E mutation. We found that its polymerase-inhibitory activity was not affected, but it remains possible that the apoptosis-inhibitory activity or some other still undiscovered activities of X are altered in the mutant protein. Since mutant viruses with this particular mutation were selected in four out of four rat brains, it seems likely that this alteration offers a growth advantage and helps compensating the disadvantageous effects of mutations near the T1 signal.
In conclusion, our results show that BDV can readily acquire mutations at different positions in the genome if strong selection pressure is applied. In agreement with previous conclusions from experiments with viral minireplicon assays (Schneider et al., 2003) , our results indicate that fine-tuning of X expression is of critical importance for viral fitness.
